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Quantum simulations of lattice gauge theories

Matter fields
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Quantum simulations of lattice gauge theories

Matter fields
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“— Gauge fields

Local symmetry
U1):V-E=p

Lattice = Zk(EHek — Er_ek) — 1/)51/)r =0

Gauge group G
0.(¢)HOI(9) =H VreZ¢, Vg € G
Extensive number of symmetries

H; = YUy mipm + H.c.

JEirreps
Hy = Tr U, U,UI U] + H.c.
Hy = M(=D)™pl,

Quantum simulations of LGTs are cool...
e Strongly constraint dynamics (ETH
violations)
Rich phenomenology
* Ground state (topological order,
confinement, anyons)
* Real-time dynamics (scattering, string
breaking, anyon braiding)
... but challenging
K-body interactions
Large local Hilbert space
* Preservation of gauge symmetries. 5



Discrete non-abelian LGTs?

* Exact encodingin discrete d.o.f. (qudits)

Simpler (?) than Lie groups but still rich physics

Non-Abelian extension of Zy-symmetric models

* Quantum complexity with non-Abelian symmetries
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Confinement and color screening

String breaking without charges

arXiv: 2512.00152



Confinement and string formation

There are no isolated particles in Nature with non-vanishing color charge i.e. all asymptotic particle
states are color singlets. The Confinement Problem in Lattice Gauge Theory J. Greensite, 2003
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Confinement and string formation

There are no isolated particles in Nature with non-vanishing color charge i.e. all asymptotic particle
states are color singlets. The Confinement Problem in Lattice Gauge Theory J. Greensite, 2003
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Confinement and string formation

There are no isolated particles in Nature with non-vanishing color charge i.e. all asymptotic particle
states are color singlets. The Confinement Problem in Lattice Gauge Theory J. Greensite, 2003
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String breaking by pair nucleation

o o o o o o o o o o o Competition in the Hamiltonian!

Hy =m ) (=1},

n
Hg :gzzElz
1

When (R — 2)g?E? > 2m, the GS changes
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String breaking by pair nucleation

Competition in the Hamiltonian!

Hy =m ) (=1},

n
Hg ZQZZEIZ
1

When (R — 2)g?E? > 2m, the GS changes
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Particle-antiparticle pair nucleated from vacuum

H; = Y Uy mm + H.c.
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String breaking by pair nucleation

Visualizing dynamics of charges and stringsin (2 +1)D
lattice gauge theories
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Dihedral groups Dy - the boring slide

Dy : symmetry group of a regular polygon with N sides Ds

0 1 exp (57) 0
P _

- - 0 exp (— %)
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Dihedral groups Dy - the boring slide

Dy : symmetry group of a regular polygon with N sides

exp(z—m) 0
S e L

e e 1
Fundamental
) s S T @ # of colors
irrep
p p 1
P1 1
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Dihedral groups Dy - the boring slide

Dy : symmetry group of a regular polygon with N sides

- (1) (1) r:lexp(%ﬁ) 0

Two conjugate basis:

* Group elements |g) = magnetic fluxes,
particle hopping, group connection

* lIrreps |jmn) = Electric energy, gauge
transformations

Gauge invariance = vertices transform
trivially (group singlets)

211

)

0 exp (—T

Fundamental
irrep

D5

# of colors
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Fusion rules and gauge invariant states in D4

Gauge invariance = vertices Fusion rules say how we can
transform trivially (group @g o= == O - 4@ combine irreps together.

singlets |e)) E.g.SUQ2):-®5=081

21



Fusion rules and gauge invariant states in D,

Gauge invariance = vertices
transform trivially (group ¢
singlets |e))
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Fusion rules and gauge invariant states in D,

Gauge invariance = vertices

transform trivially (group » @g O= - = O - «

singlets |e))
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Depends on the
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Fusion rules say how we can
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Ladder and GSs of D3 and D4

Thesimple teT® tort ¢ T ® T has ahuge impact on the physics of the LGT

We take a ladder with static charges on the upper corners, pure gauge Hamiltonian
H=Hy+Hy= g2 > E? + =Y Re(Tr(U, Uy U U
E B=Y l g2 e(Tr( p1Up2Up3 p,4))
l p

Let’s consider the ground state at strong coupling g > 1
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Ladder and GSs of D3 and D4

Thesimple teT® tort ¢ T ® T has ahuge impact on the physics of the LGT

We take a ladder with static charges on the upper corners, pure gauge Hamiltonian
H=Hy+Hy= g2 > E? + =Y Re(Tr(U, Uy U U
E B=Y l g2 e(Tr( p1Up2Up3 p,4))
l p

Let’s consider the ground state at strong coupling g% > 1
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String tension

1
DMRG study l 7

O )

I I I I ) Eo (9, R) String tension: 6(g, R) = E":l(g'R);Eq:O(g'R)

A A

- R >
[T =

The weak confinement o « g® at low g2 is due to
the ladder geometry.

In D,, o is independent of R because of the field
string connecting the charges

In D5, o decreasing with growing R indicates the
string breaking!

27




Gluelumps mass and
potential

Renormalized contribution to the mass of the two
gluelumps:

[E,—1(g, R = ®) — E,—o(g, R = ®)| = 2M(g)

M(g) = My(g) = 4g?,forg? > 1

Scaling analysis of the interaction potential —0.2- g* =0.81 g* =0.49 g =0.25

1
H = Hy + Hy = ag? ) Ef 43 ) Re(Tr(UpalpaUfsU7 )
l p

0.0 4 o—8 o s o —e—=e
'3

between gluelumps =
= 041 * ~ >
V(g,R) = Eq=1(g,R) — E4=o(g,R) — 2M(g) = ; S 100-
L = _
f —0-69 ’ = —2 g
Scaling with lattice spacing a indicates a finite ’ ,‘.L_,\ 10
potential in the continuum limit! = measurable 0.8 S
scattering amplitudes. 1 gé 10
0 20 40 60 80 100 120

Rgsﬂ [a]
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Effective thermalization

How do non-Abelian LGTs relax?

M.Sc. Thesis of Marco Vaia



Thermalization in lattice gauge theories

[Y(©)) = e ho)

What to look for?

Relaxation of local observables
Energy gap distribution
Spectral form factor
Entanglement spectrum

Eigenstate Thermalization hypothesis (ETH):

1
(0(t > )}y = > e Perin(n0]n)

n

Hln) = Ey|n)

Bete depends on (Yo |H|o)
v Non-integrable (chaotic)

X Integrable and MBL
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Thermalization in lattice gauge theories

[Y(©)) = e ho)

What to look for?

Relaxation of local observables
Energy gap distribution
Spectral form factor
Entanglement spectrum

Eigenstate Thermalization hypothesis (ETH):

1
(0(t = @)y = 7 ) e~PetiFa(n|O]n)

Hln) = Ep|n)

Betr depends on (Yo |H o)
v/ Non-integrable (chaotic)
X Integrable and MBL

The quantum-many-body
perspective:
* Thermalization with extensive

number of non-Abelian conserved
charges
ETH violation -> scar states




Dual lattice

Thermalization in lattice gauge theories

Pure gauge LGT ladder
Effective 1d chain ‘
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Dual lattice

Thermalization in lattice gauge theories

Pure gauge LGT ladder
Gauge-fixed D5 ladder

[TTITTTTT] = 5o .

Effective 1d chain ‘
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' J
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D5 with a twist
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D5 with a twist
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D5 with a twist

2.3
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Thermalization in the dynamics: entanglement spectrum L
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D5 with a twist

Thermalization in the dynamics: entanglement spectrum |
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D5 with a twist

ETH violation = scar states
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From non-integrability to quantum resources?

Quantum resources
Generalized geometric measure (multipartite
entanglement):

G2(I¥) =1 - lg)lgél(ﬂllli)lz

Stabilizer Reny Entropy (Quantum magic)

[P )| 2K
PEP,

1
M (1)) = 1 % log qL

l L suR Z; D §,: set of 2-separale
L—28 —% 2 states
l — 10 —10 —4 P, : generalized Pauli

group on L d.o.f. with d
local dimension

SU2)

4 arXiv:2510.07385
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Conclusions

Lattice gauge theories are cool many-
body models.

- Brldge between quantum-many body,
gh energy physics, quantum
rmation, classical optimization

- Rlch physics

- Ideal benchmarks for quantum
computers and simulators

Outlook:

- Confinement and screening in the
dynamics

- String breaking
- Experiments

Condensed matter

Quantum spin
liquids

Fundamental physics
Standard
model

Classical
optimization

Quantum
information

Strongly constrained Topological
dynamics quantum
computation
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Role of the centre

Why are Gluelump allowed in D3 and notin D,?
It depends on the centre of the group.

The center Z of a group G is an Abelian subgroup that commutes with every other element of G, i.e.,
Z={he€eG:VYg €G,hg =gh}

D5 centre is trivial, i.e., it is the identity element, while 0 1 exp (%) 0
D, centreisZ,: Z = {((1) (1)),(_01 _01)} "7l oo T 0 exp (— %)

We have shown that the presence of the non-trivial Z, centre gives vanishing Clebsh-Gordan coefficients
fort@®@ 1o 1.

This happens for alleven N
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Phase diagram

1
H = HE + HB = gz z Elz + ?z RE(TF( Upylup’zU;,BUgA))
l p

Magnetic energy density for different system sizes R, with the presence and without presence of static
charges on the corners

-«— R —

[T
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Lattice QCD

+
quark

gluon

Quarks and Gluons

Color Super-

Neutron stars  conductor?

S A

= 200F m
v 2
S <
E 5
= 2 Critical point?
o 7 D 5.
2 o ~ R
© 7
(S
2 100.1 2 Hadrons
[
= 5
= F o,<'>
) !
?/
0 1
Nuclei

7/

Net Baryon Density

» Gauge theories are the backbone of the standard model

» QCD Lagrangian on a discrete spacetime grid, Wick rotation

to Euclidean time;

Credit: Lattice QCD GPU Inverters on ROCm Platform 3> OQbservables are calculated using the Path Integral formalism;

» Monte Carlo methods for probability distribution of gauge

configurations.
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Local symmetries in lattice gauge theories

Gauss’s Law for the electricfield V- E = —p

d¥p = : edA = EdAcosf,

-

dA cos 6
by = 9
Pe drneg 2
dbp = -
E 47reodw
T T L o
—(bl: edA = *"“¢du

Gauss’s Law in general LGT

HL
QR 9L

Y »
¥ ’
7]

SQy

oR
Local symmetry: 0y, = [1,0%, 1,6k, On

OR|h) = |hg™Y), 0g1h) = |gh)
[H, Gg,n] =0Vg,n

Gg,nllp)phys — ag,nllp)phys
The set of phases ¢, defines the gauge sector
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Fusion rules

Electric fields on the links live in the Hilbert space of the irreducible representations (irreps) of the group.

———— > Oirrep

o =

O QmmQ———O

no particles
SU(2): < single fermion —, Y4-spin
2 fermions  —— . 1-spin o—O6—0—O>—0—0
The fusion rules tell us how to construct gauge invariant states O= i— =0 O O O
Y
X
' O—O0—O0—0—0—0

1/2x1/2 |}

+1

+1/2+1/2| 1

i 0
0 0

+1/2 -1/2
-1/2 +1/2

1/2 1/2
1/2-1/2

1/2-1/2

1/2®1/2 =01
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DMRG simulations

We wrote the Hamiltonian in the rishon formalism

|

I

—>

e

Unn = limun) Upyp = |]1,m>|]2,n>5]1]2 -

o—o_o——o«

-
------

-

N )
. 1=
\
RN
AN 13) =
N
\
N )
N 15) =
\
N
N .
. 1) =
RN
AN 9) =
\
.

Gauge invariant basis

r,0,r) +19,0,9)
V2

4) =

0,0,0) |2) =

0,r,7) +10.9,9)

V2 V2

Ir,r.g) +19.9.7) 16) = r.p,r) — 19,p. 9)

V2 V2

p,7.7) — |P. 9. 9) 8) = r.9,p) = 19,7, p)

V2
‘pa D, D) |10> =

V2

|p,0,p) [11) = |0,p,p) .

r,9,0) +g,7,0)
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Fusion rules and gauge invariant states in D,

no particles Oirrep
D3:< single fermion Tirrep
2 fermions p irrep

SU(): 1/2 ®1/2 = 0 @ 1

One important difference with SU(2)

D3:T®T:0@E@p;
but
Dy:t¢1TQT

O——O——O——Q—=0——0
O O Y ———O———0)
Q= Q) O O———O
O——O0—0 L’
O——O0—0 T—T—o
O O -0——«#- -

Q= —Q———0—O— —0T—0
O——O0—0 l l O
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